Objectives To assess image quality in abdominal CT at low tube voltage combined with two types of iterative reconstruction (IR) at four reduced contrast agent dose levels. Methods Minipigs were scanned with standard 320 mg I/mL contrast concentration at 120 kVp, and with reduced formulations of 120, 170, 220 and 270 mg I/mL at 80 kVp with IR. Image quality was assessed by CT value, dose normalized contrast and signal to noise ratio (CNRD and SNRD) in the arterial and venous phases. Qualitative analysis was included by expert reading. Results Protocols with 170 mg I/mL or higher showed equal or superior CT values: aorta (278-468 HU versus 314 HU); portal vein (205-273 HU versus 208 HU); liver parenchyma (122-146 HU versus 115 HU). In the aorta, all 170 mg I/mL protocols or higher yielded equal or superior CNRD (15.0-28.0 versus 13.7). In liver parenchyma, all study protocols resulted in higher SNRDs. Radiation dose could be reduced from standard CTDI vol =7.8 mGy (6.2 mSv) to 7.6 mGy (5.2 mSv) with 170 mg I/mL. Conclusion Combining 80 kVp with IR allows at least a 47 % contrast agent dose reduction and 16 % radiation dose reduction for images of comparable quality.
Introduction
In contrast-enhanced computed tomography (CT) there is a balance between image quality, the amount of iodine injected and radiation dose. During the past decade, advances in CT technology provided us with ongoing opportunities to improve image quality. Because of this evolving technology, contrast media dosage should be continually revisited [1] . Two recent approaches that have a major effect on image quality are low-tube-voltage imaging and iterative reconstruction. Use of a low tube voltage, such as 100 or 80 kVp, results in higher iodine contrast enhancement because the mean photon energy approaches the iodine k-edge of 33 keV [1, 2] . This approach has been widely reported in CT angiography with respect to radiation dose optimization [3] [4] [5] [6] , contrast agent dose reduction [2, 7, 8] or both [9] [10] [11] [12] [13] . Contrast dose reduction is of particular interest for patients with renal dysfunction since contrast-induced nephropathy is closely related to pre-existing renal insufficiency and the amount of contrast injected. However, at the same time, image noise and susceptibility to beam hardening artefacts increase at lower tube voltage. This has prevented its clinical implementation, particularly for abdominal CT. One solution to increase image quality is an increased tube current to counterbalance noise levels at low tube voltages [2, 5, 6] ; however, this requires high-power generators and may come at the cost of increased radiation dose, especially with larger patient sizes. Another solution is found in recent raw data-based iterative reconstruction (IR). IR techniques can be based on hybrid (which combines statistical IR approaches with standard filtered back projection, FBP) or pure IR methodology [14] . Significant noise reductions and improved diagnostic confidence are reported with both types [15] [16] [17] [18] [19] [20] [21] . While studies reported the possibility of contrast agent dose reduction with low tube voltage imaging, to our knowledge, the impact of combining this with advanced types of iterative reconstruction has not been investigated for a wide range of contrast agent doses. The purpose of our study was, therefore, to prospectively compare image quality in abdominal CT at a low tube voltage (80 kVp) combined with full and hybrid iterative reconstruction at four reduced contrast agent dose levels with a standard tube voltage (120 kVp) using FBP reconstruction and standard amount of contrast agent dose.
Materials and methods
Authors with no ties to GE Healthcare (Amersham, UK) (N.B., G.V.G, T.V.C., K.N., I.W., G.F. and J.D.M.) had complete unrestricted access to study data and unrestricted control over the data during the study. We used a porcine model to evaluate the image quality and radiation dose during the arterial (abdominal aorta) and venous (liver parenchyma and portal vein) phase. All CT examinations were performed on a 64-slice CT system (HD750, GE Healthcare, Waukesha, Wis). Prior to the porcine study, a phantom study was performed to select key iodine concentrations for the animal experiments.
Phantom study Nine plastic test tubes with varying concentrations of iodinated solutions ranging from 2 to 10 milligrams of iodine per millilitre (mg I/mL) and one control test tube with saline were inserted in a water-filled standard CT performance phantom [22] . The solutions were prepared by diluting a stock solution of 320 mg I/mL iodixanol (Visipaque 320, GE Healthcare, Cork, Ireland) with saline (NaCl 0.9 %, Baxter SA, Lessines, Belgium). The phantom was examined at 120 and 80 kVp with a constant radiation dose (CTDI vol =10.8 mGy). All remaining imaging parameters were kept constant: 0.7 s tube rotation time, 1.375 pitch, 40 mm beam collimation and 23 cm field of view. Projection data were reconstructed with standard FBP and a hybrid (ASiR, in this study at a level of 60 % throughout) and full IR methodology (Veo). For ASiR, the 60 % blending level was chosen on the basis of findings from previous studies [18] [19] [20] [21] and our clinical experience. For each combination of tube voltage and reconstruction, the CT value (HU) and noise (SD) were measured in each test tube with a circular region of interest (ROI) of 8 mm diameter. The contrast to noise ratio (CNR) was calculated by dividing the difference in CT value of the contrast tube and saline tube by the noise (SD) in the saline tube.
Porcine model
Three female Göttingen minipigs (Ellegaard, Denmark) with mean age of 518 days (range 490-541) and mean weight of 40.9 kg (range 38.7-42.9) were included. Study approval was granted by the institutional animal care committee. Port-a-cath units (Power PAC II, 1.9 mm, Smiths Medical, Belgium) were placed at the level of the left shoulder and connected to the vena cava superior. The mean effective abdominal diameter was 29±3 cm, which corresponds well to the average 18-yearold human (diameter of 29.2 cm [23] ). The pigs were scanned during a 4-month period with an inter-scan delay of at least 72 h so as to avoid iodine retention bias. Anaesthesia was induced by an intramuscular injection of 500 mg Zoletil-100, 6.25 mg Rompun, 1.25 mL ketamine and 2.5 mL Dolorex at a dose of 0.05 mL/kg.
Contrast injection and CT protocol
From standard 320 mg I/mL contrast concentration, four further formulations were prepared with saline to achieve concentrations of 120, 170, 220 and 270 mg I/mL. Contrast was administered at controlled room temperature into the porta-cath unit via a dual head power injector (Nemoto-Kyorindo, Tokyo, Japan). Contrast injection parameters were kept constant (Table 1 ) and injection was followed by a 20-mL saline chaser. Scan delay times were 40 s for the hepatic-arterial phase and 60 s for the portal venous phase. The pigs were examined from the liver dome to the pelvic floor. After the topogram of each scan, the noise index (NI) parameter of the automated tube current modulation system was selected in such a way that the projected CTDI vol matched the dose of the reference protocol as close as possible. CTDI vol (mGy) and DLP (mGy cm) were recorded for each image. Each imaging protocol was repeated three times in randomized sequence, except for the reference protocol that was scanned first in order to obtain a reference CTDI vol value as input for subsequent scans.
Quantitative and qualitative image analysis
For quantitative evaluation, the average CT value and SD were measured in the abdominal aorta, portal vein, hepatic parenchyma and dorsal muscle by circular ROIs. For the hepatic-arterial phase, the CT value in the abdominal aorta, SD value in the unenhanced dorsal muscle and the dose normalized CNR (CNRD) were considered figures of merit for image quality. CNR was calculated as (mean CT value aorta − mean CT value muscle)/SD muscle. In order to compare the CNR, independent of radiation dose, each obtained CNR value was dose normalized by the Poisson noise model with SD ≈ (CTDI vol ) a , with exponent a equal to −0.5 [22, 24] . However, a recent study reported a different exponent when the Veo reconstruction is applied [25] . To verify this, we performed additional experiments on one pig to establish the relationship between SD and CTDI vol for FBP, ASiR and Veo reconstructions.
For the portal venous phase the enhancements of both portal vein and hepatic parenchyma were considered. In the portal vein, the CT value was measured and CNRD was calculated in a similar fashion. In the liver parenchyma, the CT value, SD and dose normalized SNR (SNRD) were determined in the posterior segment of the right lobe. SNR was calculated as the ratio between the mean CT value parenchyma and the SD parenchyma. Dose normalization was performed in a similar fashion as with CNRD. In order to appreciate the impact of both radiation dose and contrast dose on image quality, we provide 3D graphs that represent the mean observed CNR and SNR at each tested iodine concentration (120-320 mg I/mL) with a CTDI vol extrapolation over a range of 1-15 mGy. Interpolation and extrapolation according radiation dose was done by the previously obtained SD versus CTDI vol relationship, and B-spline interpolation (Mathlab, The Mathworks, Natick, MA, USA) was used in the contrast concentration direction. Subjective qualitative analysis was performed in the liver parenchymal phase for the reference and 170 mg I/mL, 80 kVp protocols that were scanned with comparable CTDI vol . Two radiologists (K.N., I.W.) with respectively 7 and 10 years of experience in abdominal CT independently performed a qualitative analysis of deidentified CT images on a clinical workstation. Criteria for image quality evaluation (Table 2) were based on reported abdominal CT quality studies [10, 14] .
Radiation dose evaluation
Besides technical dose descriptors, effective dose (E) is considered to estimate the potential dose to a reference human applying the same scan protocols as in this preclinical study. E was estimated following ICRP-103 guidelines [26] by using a CT patient dosimetry calculator (CTDosimetry_1.04, Impactscan.org) for a standard abdomen scan of 50 cm from the liver dome to the pelvic floor. 
Results

Phantom study
CT values showed a linear response as a function of iodine concentration ( Fig. 1) and there was no significant difference between reconstruction methods (Pearson correlation 1.00, p<0.001). Lower kVp resulted in higher CT values (1.65-fold) as demonstrated by the increased slope of the curve. At 80 kVp the iodine concentration fraction that results in equal CT value compared to 120 kVp is about 60 %. The CNR increases more rapidly, caused by the combined effect of higher CT values and noise reduction due to both IR algorithms. At 80 kVp, the iodine concentration fraction that results in equal CNR compared to 120 kVp-FBP is about 50 % when using ASiR and about 45 % when using Veo.
Porcine model
Compared to the (120 kVp, 320 mg I/mL) reference protocol, the (80 kVp, 270 mg I/mL) study protocol resulted in higher CT values in the abdominal aorta (Fig. 2, Table 3 ). There was no significant difference with the next lower concentrations 220 and 170 mg I/mL, whereas a concentration of 120 mg I/mL yielded inferior enhancement. In liver parenchyma during the portal venous phase, both study protocols with 270 and 220 mg I/mL resulted in higher CT values, and 120 mg I/mL yielded inferior enhancement. This was also observed for the portal vein. The median CTDI vol of the reference protocol scans was 7.8 mGy (CI 6.8-8.4 mGy). Hence, we dose normalized all noise values to a reference of 8.0 mGy and employed this to calculate CNRD and SNRD data (Fig. 3 , Table 3 ). From the noise versus dose regression analysis, the following exponents were observed for FBP (a=−0.498 with r 2 =0.96), ASiR (a=−0.508 with r 2 =0.95) and Veo (a= −0.232 with r 2 =0.94). Consequently, dose normalization was performed for FBP and ASiR with a=−0.50, as in the experimentally confirmed model, and for Veo with a=−0.23.
In the abdominal aorta, all study protocols with ASiR reconstruction, apart from 120 mg I/mL, resulted in higher or non-inferior CNRD values. Owing to their increased noise suppression, all Veo protocols resulted in markedly higher image quality. The same trend was observed for the portal vein. In the liver parenchyma, all study protocols resulted in higher SNRD values for both ASiR and Veo reconstruction. With all ASiR study protocols, soft tissue noise in the dorsal muscle was comparable (SD range 14.8-20.8) to that in the reference protocol (SD 17.9). Veo reconstruction significantly reduced soft tissue noise values (SD range 9.0-11.3).
The improved image quality with the study protocols allows flexibility in the trade-off between radiation dose and contrast agent dose (Fig. 4) . Every combination above the isoCNR (arterial phase) or isoSNR (parenchymal phase) lines allows improved image quality in terms of CNR and SNR respectively. In the arterial phase, a concentration of 170 mg I/mL yields equal CNR at a dose of 7.6 mGy with ASiR. With Veo, the radiation dose can be decreased to 0.6 mGy for this concentration. In the liver parenchymal phase, a concentration of 170 mg I/mL already yields equal SNR at a dose of 4.4 mGy with ASIR and 0.12 mGy with Veo.
For subjective image quality, three 80 kVp, 170 mg I/mL study protocol scans with median CTDI vol of 7.1 mGy were considered (Table 4 , Fig. 5 ). Compared to the reference, no difference in subjective image quality parameters was observed with the 80 kVp, 170 mg I/mL study protocol for ASiR reconstruction (Table 4 , Fig. 5 ). All scans were of at least Error bars represent 95 % confidence intervals acceptable quality. With Veo reconstruction, overall quality was rated better than reference (3.3 compared to 2.7) and in particular image noise was perceived to be less present (4.3 compared to 2.5).
Radiation dose
For the 120 kVp and 80 kVp protocols, the CTDI vol to E conversion factors are estimated to be 0.80 and 0.69 mSv/mGy respectively, in case of a 50-cm abdomen scan from the liver dome to the pelvic floor of a reference human.
Discussion
From the point of patient safety, the amount of iodine dose and radiation dose should be minimized to a level still providing sufficiently diagnostic images [1, 27, 28] . We found that in a porcine model for abdominal CT, both contrast agent and radiation dose can be significantly decreased by combining low tube voltage (80 kVp) imaging with iterative reconstruction while maintaining good image quality. Previous reports, based on standard CT techniques prior to iterative reconstruction, suggested that a total iodine dose of about 500-600 mg of iodine per kilogram of body weight is required to obtain adequate hepatic enhancement [1, 29, 30] . Data from our study suggest that a contrast dose of 340 mg I/kg still provides sufficient arterial enhancement. For parenchymal enhancement, even a lower dose of 300 mg I/kg still allowed sufficient enhancement. Any iodine dose above these values opens up the potential for radiation dose reduction while maintaining image quality (Fig. 4) . Some studies investigated the effect of low tube voltage CT on contrast dose [2, [7] [8] [9] [10] [11] [12] [13] . Also for abdominal CT, Nakaura et al. [2] observed that a contrast dose reduction from 600 to 360 mg I/kg and radiation dose reduction from 20.4 to 18.5 mGy resulted in non-inferior CNR when tube voltage is reduced from 120 to 80 kVp with standard FBP reconstruction. In a second study [9] , the same authors added hybrid iterative reconstruction and were able to reduce the radiation dose further to 11.1 mGy. Our results confirm the benefit of adding iterative reconstruction to low tube voltage CT, but also suggest that larger contrast agent and radiation dose reductions might be possible. With ASiR, the use of 340 mg I/kg (170 mg I/mL) would still allow 5 % radiation dose (7.6 mGy) reduction in the arterial phase, a 29 % reduction (5.7 mGy) for the portal vein and 45 % reduction (4.4 mGy) for the liver parenchyma. The practical implication of this observation is that patients could be scanned with a lower radiation dose during the portal venous phase compared to the arterial phase by adjusting the automatic exposure control system. When Veo reconstruction is In agreement with reported data [1, 31] , parenchymal enhancement was observed to be less affected by iodine concentration. Whereas arterial CNR strongly depends on contrast media concentration and radiation dose, liver SNR is primarily dominated by radiation dose for the range of concentrations tested in this study. With the exception of liver parenchyma enhancement, inferior CT values were observed when the lowest concentration of 120 mg I/mL was injected: CT values dropped significantly in the aorta (from 314 to 216 HU) and portal vein (from 208 to 152 HU), but remained about the same in the liver (from 115 to 111 HU). However, in the venous phase, the CNRD and SNRD were respectively not different and higher compared to the reference.
The porcine model demonstrated a higher contrast enhancement than initially suggested by our phantom. The relative 1.65-fold increase of CT value in the phantom data suggests that an approximately 190 mg I/mL, 80 kVp protocol yields equal enhancement. However in the porcine study, noninferior CT values were observed with a concentration as low as 170 mg I/mL. This observation suggests that, in contrast to static phantom data, the relationship between iodine concentration and enhancement is not strictly linear and that other properties come into play. A possible explanation is that reduced iodine concentration may be more physiological and distribute more easily and more evenly in the vessels, resulting in improved enhancement particularly in the early phase [32] .
Some limitations of our study merit consideration. First, although swine serve as good models [33] , the acquired results cannot be automatically translated to humans. Our model suggests that equal results could be expected for patients having an effective abdominal diameter of around 30 cm. Larger-sized patients generally require higher tube voltage settings which may limit any contrast media dose reduction. Conversely, slimmer patients would allow further dose reductions and might also benefit from even lower tube voltages, e.g. 70 kVp. Second, we only assessed one type of scanner with two types of iterative reconstruction. Different ASiR blending levels other than 60 %, or other imaging systems with their specific reconstruction packages, might present different results, although the same trend can be expected. The amount of ASiR blending in our study is at the high end of the clinical range, which is typically reported to be from 30 to 70 % [15, [18] [19] [20] [21] . Although studies demonstrate no loss in diagnostic confidence at blends of 60 % or higher [18, 20, 21] , most authors still advocate a lower blend considering the subjective feel of the image and reported comfort level of the radiologist [34] . With ASiR, image noise in terms of standard deviation demonstrates a linear decrease as a function of percentage blending level [16, 34] . Thus, the selection of a level below 60 % will require a higher radiation dose setting for images of an equal amount of noise. Third, the results cannot be automatically translated to indications such as cardiovascular disease, detection of pancreatic tumours or liver lesions. Although image quality in our study was considered to be at least acceptable, liver lesion conspicuity can be hampered by blotchy image appearance that can be associated with iterative reconstruction at low radiation doses [18] . Our results illustrate the increasing complexity of contrast media administration with the available and continuously evolving CT technology. Formulations for use with advanced CT technology could contribute to the improvement of patient care and to the practice of personalized medicine in radiology.
In conclusion, iterative reconstruction has a major, positive impact on the balance between image quality, contrast dose and radiation dose. We found that in a porcine model, the combination of an 80-kVp technique with iterative reconstruction allowed a 47 % contrast dose and 16 % radiation dose reduction compared to a standard 120-kVp scan with FBP reconstruction for images of comparable quality. Full iterative reconstruction techniques allow even further dose reductions. Confirmation in humans is recommended before implementing our technique in the clinical setting.
